Neural crest cells form at the border between the neural plate and the epidermis. The tissue interactions that underlie neural crest cell induction have been investigated primarily by heterotopic grafting experiments in vivo and by conjugating different tissues in vitro. Three models have been proposed to explain the induction of neural crest cells at the neural plate border, i.e. (1) the influence of signals from the mesoderm, (2) changes in ectodermal competence and (3) local interactions between neural and non-neural ectoderm. The weight of the evidence supports the last model, although there are data that suggest a role for signals from the mesoderm. FGFs seem to be necessary but not sufficient for neural crest cell induction. BMP-4 is sufficient to induce neural crest cells from chick neural explants in vitro and intermediate levels of BMP-4-signalling induce neural crest cell markers in Xenopus animal cap assays. These data suggest a gradient model in which neural crest cells are induced by a particular range of BMP-4 activity, although a single-signal model may be too simplistic. Neural crest cell induction may be an ongoing process, in which an initial induction at the neural plate border is followed by further induction within the dorsal neural tube.
Introduction
The vertebrate neural crest is a migratory embryonic cell population that forms at the border between the neural plate and the future epidermis. Neural crest cells delaminate from the neuroepithelium in a rostro-caudal wave and migrate throughout the embryo to form a wide range of derivatives. They form most of the peripheral nervous system, all epidermal pigment cells and much of the skull (reviewed by Le Douarin, 1982) . Specific derivatives include sensory, sympathetic and enteric neurons, glia, melanocytes, smooth muscle, dermis, connective tissue, cartilage and bone. The neural crest was discovered almost 130 years ago in the chick embryo (His, 1868) and has been intensively studied ever since (reviewed by Landacre, 1921; Stone, 1922; Holmdahl, 1928; Harrison, 1938; Hörstadius, 1950 (reprinted in Hall and Hörstadius, 1988) ; Weston, 1970; Le Douarin, 1982; Maderson, 1987; Hall and Hörstadius, 1988) .
Much is known about the pathways and mechanisms of neural crest cell migration (reviewed in Le Douarin, 1982; Bronner-Fraser, 1993; Erickson and Perris, 1993) as well as the differentiation of multiple neural crest-derived cell types from pluripotent precursors (reviewed in Selleck et al., 1993; Stemple and Anderson, 1993) . In comparison with the wealth of data generated on these subjects, the embryological origin of the neural crest has been relatively neglected. In this review, we discuss the experiments that have led to our current understanding of neural crest cell formation and the evidence for the involvement of molecules that have been proposed to underlie this process.
Embryonic origin of the neural crest
The neural crest was first recognized in the chick embryo as a band of material lying between the presumptive epidermis and the neural tube (His, 1868 , 1879 , quoted in Hörstadius, 1950 . In amphibians, this region is already distinguishable at the open neural plate stage (Brachet, crest of urodele amphibians was fate-mapped in the early gastrula embryo to a narrow stripe of ectodermal cells between the prospective epidermis and the prospective neural plate (Fig. 1a) (Vogt, 1929) . In the chick gastrula, fate-mapping studies involving isotopic grafts of tritiatedthymidine labeled regions of epiblast similarly mapped the presumptive neural crest to a region between the prospective neural and epidermal fields (Fig. 1b) (Rosenquist, 1981) . During neurulation, this region forms the neural folds, which elevate and move together until they fuse to form the neural tube (Fig. 2) .
Depending on when they delaminate from the neuroepithelium, neural crest cells may or may not be incorporated into the dorsal neural tube; this varies according to the species and to the axial level within the embryo. For example, cranial neural crest cell emigration begins prior to neural fold closure in anuran amphibians (see Hall and Hörstadius, 1988; Olsson and Hanken, 1996) and in mammals (Bartelmez, 1922; Holmdahl, 1928; Verwoerd and van Oostrom, 1979; Nichols, 1981) . Accordingly, the neural crest should not necessarily be viewed as originating from the neural tube. In fish and in the tail region of higher vertebrate embryos, there are no obvious neural folds; the neural tube is formed instead by a process called secondary neurulation that involves ventral thickening of the ectoderm followed by cavitation (see Schmitz et al., 1993; Papan and Campos-Ortega, 1994; Catala et al., 1996) . Nonetheless, in situ hybridization with an early neural crest cell marker shows that presumptive neural crest cells can be recognized in the zebrafish embryo at the neural plate border (Thisse et al., 1995) and that they subsequently converge towards the dorsal midline. Hence, neural crest cells in all vertebrates form at the lateral edges of the neural plate.
Cells within the prospective neural crest cell field are not committed to a neural crest cell fate; lineage-labeling experiments have shown that single cells within this field at open neural plate stages can contribute to central nervous system (CNS), neural crest derivatives and epidermis . Indeed, the epidermal lineage only segregates from CNS/neural crest lineages at the time of neural tube closure , while neural crest and CNS lineages do not appear to segregate definitively at any stage within the neural tube (Bronner-Fraser and Fraser, 1988; Fraser and Bronner-Fraser, 1991; Selleck and Bronner-Fraser, 1995; Sharma et al., 1995) . Even ventral neural tube cells, taken at early stages and transplanted into neural crest cell migration pathways, will migrate and differentiate into neural crest cell derivatives (Korade and Frank, 1996) . Thus, it seems that all neural plate cells can become neural crest cells if given appropriate signals. During normal embryogenesis, however, neural crest cells only form at the most lateral edges of the neural plate (future dorsal region), at its border with prospective epidermis. This border overlies ventral mesoderm (paraxial and lateral plate mesoderm; see Fig. 2 ). What mechanisms underlie this induction? Are they related to, or separate from, the signals involved in the induction of the neural plate?
Our understanding of neural induction has recently been revised (for recent comprehensive reviews see HemmatiBrivanlou and Melton, 1997; Sasai and De Robertis, 1997; Weinstein and Hemmati-Brivanlou, 1997) . Neural induction is best understood in the amphibian embryo, where a substantial body of evidence suggests that the ectoderm adopts a neural fate wherever the function of the secreted epidermalizing factor BMP-4 (bone morphogenetic protein-4, a member of the transforming growth factor-b family) is suppressed. BMP-4 is expressed throughout the gastrula ectoderm except in the prospective neural plate, where its function and expression are inhibited by factors secreted by the organizer (see Lemaire and Kodjabachian, 1996) and its progeny, the axial mesoderm (prechordal mesoderm and notochord). BMP-inhibiting factors secreted by the organizer and axial mesoderm include follistatin (Hemmati-Brivanlou et al., 1994) , the TGFb family member Xenopus nodal-related 3 (Xnr3) (Hansen et al., 1997) , noggin and chordin. Although the role of Xnr3 is not yet clear, noggin and chordin directly bind to BMP-4 and prevent it from interacting with its receptors (Piccolo et al., 1996; Zimmerman et al., 1996) ; follistatin also interacts directly with BMP-4 (Fainsod et al., 1997) . This new understanding of neural induction will be helpful when considering some of the experiments described below.
Experimental approaches to neural crest cell induction
Three main experimental approaches have been used to establish the tissue interactions involved in neural crest cell induction in chick and amphibian embryos, i.e. (1) confrontation of different tissues in vivo, (2) confrontation of different tissues in vitro and (3) in vitro microcultures involving disaggregation and reaggregation of early gastrula-stage Xenopus cells. Neural crest cell induction has been assayed by looking for differentiated neural crest cell phenotypes, such as melanocytes and catecholaminergic neurons, or by looking for the induction of genes that are expressed in neural crest cells. In Xenopus and chick, the zinc finger transcription factor gene Slug has been used as a molecular marker. In Xenopus, Slug is expressed in presumptive neural crest cells at the neural plate border from late gastrula (stage 12) and subsequently in pre-migratory and migrating neural crest cells (Mayor et al., 1995) . It is also found in lateral plate mesoderm from mid-neurula (stage 17; Mayor et al., 1995) . In chick, the first ectodermal expression of Slug occurs later, in the neural folds (Nieto et al., 1994) ; it is also expressed in migrating primitive streak cells (Nieto et al., 1994) . In chick, Slug has been proposed to be involved in epithelial-mesenchymal transitions (Nieto et al., 1994) ; nothing is known of Slug function in Xenopus.
Another chick neural crest cell marker is the HNK-1 epitope (Thiery et al., 1982; Tucker et al., 1984) , which is found on migrating neural crest cells; since HNK-1 also labels other non-migratory cell types, HNK-1-positive cells in neural crest cell induction assays should only be scored if they are migratory.
Model 1: signals from the mesoderm

In vivo grafting in amphibian embryos
Early experiments on neural crest cell induction in amphibian embryos implicated a signal from the mesoderm to the overlying ectoderm. Raven and Kloos (1945) grafted fragments of archenteron roof into the blastocoel to show that medial archenteron roof (presumptive axial mesoderm) induces both neural tissue and neural crest from competent ectoderm, while lateral archenteron roof (presumptive paraxial and lateral plate mesoderm) induces neural crest only.
The authors proposed that the archenteron roof produces a neural/neural crest 'evocator' in a graded fashion; low levels of evocator produce neural crest but not neural plate, while high levels produce both cell types. Thus, their model for neural crest cell formation invoked induction by the same signal as that for neural induction, but with the threshold for neural crest induction being lower than that for neural induction. The model does not explain, however, why neural crest cells only form at the border of the neural plate; if dorsal mesoderm can induce neural crest cells, then one might expect to find them within the neural plate as well.
Microculture of amphibian gastrula cells
Mitani and Okamoto (1991) used a microculture system to study interactions between cells from different regions of Xenopus gastrulae in vitro. They dissected ventral ectoderm (prospective epidermis) and marginal zone pieces (prospective mesoderm) from early gastrula embryos (stage 10.5) and dissociated them. Defined numbers of cells, either from one region alone or a mix of cells from different regions, were then reaggregated, cultured for 5-10 days and scored using immunocytochemistry for CNS neurons, neural crest-derived melanocytes and epidermis. Ventral ectoderm cells cultured alone formed epidermis, but if cocultured in close contact with mesoderm cells, they formed CNS neurons and melanocytes. Dorsal mesoderm only induced CNS neurons, whereas lateral mesoderm induced both CNS neurons and melanocytes; ventral mesoderm only induced melanocytes.
The model proposed by these authors was that neural induction and neural crest induction operate via different signals. Dorsal mesoderm induces the neural plate, while more ventral mesoderm induces neural crest cells. According to this model, however, neural crest cells in vivo should be formed throughout the ventral ectoderm (which is underlain by ventral mesoderm) and not just at the neural plate border.
One important caveat with this system is that dissociated animal cap cells may already be neuralized. Dissociated animal cap cells form neurons (Godsave and Slack, 1989; Grunz and Tacke, 1989; Sato and Sargent, 1989) . This is because the epidermalizing BMP-4 signal has been diluted; addition of exogenous BMP-4 epidermalizes dissociated gastrula ectoderm cells (Wilson and Hemmati-Brivanlou, 1995) . If this is true for the dissociated and reaggregated cells in the microculture system, then neural crest cells in this system are induced from neuralized ectoderm by lateral and ventral mesoderm. Albers (1987) proposed that the position of the neural folds, and thus the neural crest, is determined by temporal changes in the competence of the ectoderm to respond to a signal emanating from the dorsal midline. She suggested that at early stages, the ectoderm responds to the signal by forming neural plate; as its competence declines it forms neural crest and finally epidermis. This model now seems unlikely since grafting experiments described in Section 3.3.1 show that neural crest cells can be formed simply by juxtaposing neural and non-neural ectoderm.
Model 2: changes in ectodermal competence
Model 3: local interactions between neural and epidermal ectoderm 3.3.1. In vivo grafting experiments
Rollhäuser-ter Horst (1980) used different species of amphibians to follow the fate of gastrula ectoderm grafted in place of the neural folds at the open neural plate stage. She found that the grafted ectoderm formed both CNS tissue and neural crest cells. Similarly, Moury and Jacobson (1990) juxtaposed neural plate and ventral epidermis in vivo by heterotopic grafting between pigmented and albino axolotl embryos. They grafted either pigmented epidermis or pieces of pigmented neural plate into the neural folds of an albino host at the open neural plate stage. Grafted epidermis confronts albino neural plate medially, while grafted neural plate confronts epidermis laterally. Epidermallyderived cells formed neural crest derivatives in both types of experiment, showing that both epidermis and neural plate contribute to neural crest cells. The authors suggested that an interaction between neural plate and epidermis was sufficient to generate neural crest cells. Interestingly, most cells from the neural plate formed melanocytes, while most cells from the epidermis formed dorsal root ganglion neurons. Selleck and Bronner-Fraser (1995) performed a similar experiment in bird embryos, grafting quail neural plate into chick epidermis; migratory HNK-1-positive cells were generated by both quail and chick tissues in the region of the graft . Grafts of chick neural plate into chick epidermis also induced Slug expression (Dickinson et al., 1995) . Similarly, Mancilla and Mayor (1996) grafted labeled neural plate into ventral epidermis in Xenopus embryos and saw induction of Slug expression in both the grafted neural plate and the ventral epidermis surrounding the graft.
In these in vivo experiments, the grafted ectoderm/neural plate is exposed not only to adjacent ectoderm/neural plate, but also to the underlying mesoderm. It is possible that grafted neural plate forms neural crest cells by responding to ventral mesoderm and that grafted ectoderm is first neuralized (by the neural plate or by nearby dorsal mesoderm) and then induced to form neural crest cells by ventral mesoderm. The only in vivo experiment that can conclusively show that neural crest cells can be induced by a local interaction between neural plate and epidermis is one which grafts ectoderm into the middle of the neural plate where it is not exposed to ventral mesoderm. Although Moury and Jacobson (1989) performed such an experiment, they analyzed neural fold formation and not neural crest cell production. Preliminary experiments from our laboratory, in which ectoderm is grafted into the lumen of the neural tube, suggest that ectoderm in this situation can form HNK-1 and Slug-positive cells (S. Ruffins, unpublished data) which supports the model. The neural plate folds into a tube and the neural folds approximate, until finally (C) the neural tube separates from the epidermis. Neural crest cells migrate ventrally and laterally. NC, neural crest; np, neural plate; not, notochord; s, somite.
In vitro conjugation experiments
The obvious solution to these difficulties with in vivo experiments is to co-culture different tissue regions in vitro. Conjugates of chick neural plate and epidermis induce Slug and produce migratory HNK-1-positive cells as well as differentiated neural crest cell derivatives, including melanocytes, neurons, catecholaminergic and adrenergic cells (Dickinson et al., 1995; Selleck and Bronner-Fraser, 1995) . Similarly, during the regeneration of neural crest cells from the ventral neural tube after ablation of the dorsal neural tube ; but see Couly et al., 1996) , Slug induction and HNK-1-labeled cell formation only occurred when the remaining neuroepithelium was contacted by adjacent epidermis (Sechrist et al., 1995) . More recently, Buxton et al. (1997) found that after dorsal hindbrain ablation, Slug induction only occurred when neuroepithelium and epidermis were in contact and the epidermis closed at the midline. Mancilla and Mayor (1996) also co-cultured Xenopus stage 13 neural plate and epidermis and saw induction of Slug expression. It is clear from these experiments that a local interaction between neural and non-neural ectoderm is sufficient to generate neural crest cells.
Are neural plate-epidermal interactions the whole story?
Although a local interaction between neural and nonneural ectoderm is sufficient to generate neural crest cells, there are data to suggest that this may not be the only way that neural crest cells are generated in vivo.
(1) We know that after heterotopic grafting experiments in vivo, both neural plate and epidermis form neural crest cells and that in these experiments the possibility that signals from the mesoderm are involved has not been excluded (see above). Unfortunately, none of the in vitro conjugation experiments used labeled tissues. Hence, we do not know whether the in vitro experiments completely recapitulate the in vivo situation and it is still possible that mesodermal signals are involved in neural crest cell induction. However, preliminary results from our laboratory (T. Scherson, unpublished data) suggest that both tissues do generate neural crest cells in vitro.
(2) Although Slug expression is induced and HNK-1-positive cells form in conjugates of early (stage 4) chick neural plates and epidermis (Dickinson et al., 1995) , these HNK-1-positive cells disperse much less than those generated from conjugates of late (stage 8) neural plates and epidermis (in which Slug is also induced; Dickinson et al., 1995) . This might suggest that additional signals are required for generating the migratory phenotype of neural crest cells, as opposed to neural crest cells per se. Since so little is known about how neural crest cells become migratory, this may be a fruitful avenue to pursue.
(3) Turner and Weintraub (1994) showed that overexpression of the Xenopus achaete-scute gene homologue ASH3 expands the neural plate at the expense of neural crest cells and epidermis. If all that were required in vivo for neural crest cell formation were an interaction between neural and non-neural epithelium, then why are neural crest cells absent in these embryos? (4) In Xenopus, prospective neural folds isolated at the time they first express Slug (stage 12) are unable to maintain Slug autonomously in culture unless they are cultured with the adjoining mesoderm for several hours. Neural folds isolated at stage 13 do express Slug autonomously, but never to the same level seen in vivo (Mancilla and Mayor, 1996) , leading the authors to suggest that additional signals are required to augment the initial transcript levels.
(5) Raven and Kloos (1945) found that lateral archenteron roof (presumptive paraxial and lateral plate mesoderm) was able to induce neural crest cells from non-neural ectoderm in grafting experiments in vivo. Following the local interaction model we could explain the induction of neural crest cells by medial archenteron roof (axial mesoderm) as being a result of the interaction of neuralized ectoderm (induced by BMP-inhibiting factors secreted by the grafted axial mesoderm) with surrounding non-neural ectoderm. However, we cannot explain the induction of neural crest cells by lateral archenteron roof (non-axial mesoderm) in this fashion.
(6) Finally, Selleck and Bronner-Fraser (1995) observed that melanocytes, although not neurons, were generated from neural plates conjugated in vitro with paraxial mesoderm. This suggests that mesodermal signals can induce at least some neural crest cells from neural ectoderm. It also opens up the intriguing possibility that different neural crest cell derivatives might be induced differently, another area in need of further investigation.
Molecular interactions that generate neural crest cells
Several molecules have been implicated recently in neural crest cell formation, including members of the TGF-b superfamily (dorsalin-1, BMP-4) and fibroblast growth factors (FGFs). It must be remembered that before we accept the involvement of such candidate molecules in the embryo, they must be shown to be necessary for neural crest cell induction in vivo as well as sufficient for neural crest cell induction in vitro.
FGFs
In the microculture system described previously (Mitani and Okamoto, 1991) basic FGF (bFGF) down-regulates epidermal differentiation and up-regulates CNS neuron and melanocyte differentiation in a dose-dependent manner (Kengaku and Okamoto, 1993) . Since the dissociation step may neuralize the cells by diluting BMP-4, the bFGF may be acting on neuralized cells rather than non-neural ecto-derm. Similarly, Mayor et al. (1995) found that bFGF combined with noggin induced Slug, but not NCAM expression in stage 10.5 animal caps. Since noggin induces neural tissue by inhibiting BMP-4 signaling (see above), bFGF in these experiments might be inducing Slug expression in neuralized ectoderm. The absence of NCAM expression could be explained by the conversion of all the neuralized ectoderm to neural crest cells (although see later). Interestingly, at the highest concentration tested, bFGF alone induced Slug in the absence of NCAM. Since mesoderm was also induced in these explants, this could be a secondary effect, whereby bFGF induces mesoderm that in turn induces neural tissue that is then converted to neural crest.
Overexpression of a dominant negative FGF receptor (XFD) in Xenopus inhibits Slug expression without affecting the expression of a neural plate marker (Mayor et al., 1997) . Slug is not induced in conjugates of XFD-expressing neural plate and wildtype ectoderm, suggesting that a functional FGF receptor is required in the neural plate for the interaction with epidermis that generates neural crest cells (ibid.). However, Slug is not induced in bFGF-treated neural plate explants (ibid.).
These experiments suggest that if FGF is secreted by the epidermis, it is not sufficient to induce neural crest from prospective neural plate. Some evidence for an FGF signal from the epidermis comes from the finding that FGF-3 is induced in gastrula ectoderm transplanted into the anterior neural plate (Tannahill et al., 1992) . Alternatively, it is possible that FGF may not be involved in the epidermal signal. Instead, FGF signaling may be required within the neural plate to render it competent to respond to the epidermal signal, or as a component of the response to such signals. This idea is reminiscent of the requirement for FGF signaling in the response to TGFb family members during mesoderm induction in Xenopus (Cornell and Kimelman, 1994; LaBonne and Whitman, 1994; Schulte-Merker et al., 1994) .
XFD-expressing embryos seem to have normal melanocytes (Amaya et al., 1991; Godsave and Durston, 1997) , although other neural crest cell derivatives have not been examined in these embryos. Since Slug expression is apparently inhibited in XFD-expressing embryos (Mayor et al., 1997) , this raises the intriguing possibility that Slug expression is not required for melanocyte formation and emphasizes that nothing is known about the function of amphibian Slug.
In summary, FGF seems to be necessary for neural crest cell induction (possibly excepting melanocytes), but not sufficient. Basler et al. (1993) found that dorsalin-1, which is expressed in the dorsal neural tube, is able to induce neural crest cells from neural plates in vitro. However, its relatively late expression in the dorsal neural tube excludes the possibility that it is involved in the initial induction of neural crest cells at the neural plate border. Liem et al. (1995) showed that medium from BMP-4-expressing COS cells induces the formation of migratory HNK-1-positive cells, as well as cells positive for neural crest cell markers such as Slug and Msx (see Davidson, 1995) , from stage 10 chick ventral neural plate explants in vitro. Hence, BMP-4 can substitute for epidermis in the generation of neural crest cells from neural plate. The authors suggest that BMP-4, which is expressed in the epidermal ectoderm flanking the neural plate (and later in the dorsal neural tube itself), may induce neural crest cells from the neural plate in vivo.
TGF-b superfamily members
Recently, Morgan and Sargent (1997) have shown that injecting intermediate levels of BMP-4-inhibiting mRNAs (noggin, or a dominant negative BMP-4 receptor) into onecell Xenopus embryos leads to up-regulation of Slug in the absence of neural plate markers in animal caps isolated from those embryos. Conversely, injecting high levels of these mRNAs leads to up-regulation of neural plate markers but not Slug. The authors propose a model for the patterning of the neural plate in which at early stages, intermediate levels of neuralizing signal from the axial mesoderm induce the neural plate border (identified by Snail expression in a low arc at stage 11.5; Essex et al., 1993) . Subsequently, as the neuralizing signal increases in intensity, neural plate is induced medially. Neural plate-specific genes such as Xash-3 inhibit the expression of neural plate border-specific genes (such as Snail and Slug) within the neural plate. This model is essentially identical to that proposed by Raven and Kloos (1945) , in which low levels of a mesoderm-derived 'evocator' produce neural crest only, while high levels produce neural plate. In Raven and Kloos' model, high levels of evocator induce neural crest as well as neural plate. In the modern conception, the expression of neural plate border genes (and thus neural crest) is inhibited within the neural plate by neural plate-specific genes (Morgan and Sargent, 1997) . This would explain why XASH-3 overexpression expands the neural plate at the expense of neural crest cells (Turner and Weintraub, 1994) , since XASH-3 may inhibit their formation.
These data would seem to return us to the mesodermal signal model for neural crest cell induction. In a modern conception of this model, a specific range of mesodermderived BMP-4-inhibiting activity induces neural crest cells from non-neural ectoderm. Morgan and Sargent (1997) suggest that neural crest cell induction through local interactions between neural and non-neural ectoderm occurs because of the reciprocal diffusion of BMP-4 from the epidermis and neuralizing signals from the neural ectoderm, such that intermediate levels of BMP-4 signaling are present in both tissues and neural crest cells are induced in both.
However, in vivo, Slug is not induced by the intermediate levels of BMP-4 signaling that induce neural plate border markers such as Snail at stage 11.5, before neural plate formation (Essex et al., 1993) . Instead, Slug is first expressed at the lateral borders of the already-formed neural plate, at stage 12 (Mayor et al., 1995) . There is therefore no a priori reason to rule out the operation of the local interaction model in vivo (or, indeed, interactions with ventral mesoderm) although the underlying mechanism may well be based on intermediate levels of BMP-4-signalling as described above.
Ultimately, however, a single-signal model may be too simplistic. Direct treatment of animal caps with noggin protein does not induce Slug at any concentration (Mayor et al., 1995; Morgan and Sargent, 1997) , while Slug is induced by noggin in combination with FGF (Mayor et al., 1995) . In a study of neural crest cell regeneration in vivo, Buxton et al. (1997) found that after dorsal hindbrain ablation, Slug reexpression was not accompanied by Bmp4 expression, suggesting that BMP-4 is not necessary for neural crest cell formation, at least at later stages in vivo. Indeed, BMP-4 has not strictly been shown to be necessary for neural crest cell formation either in vivo or in vitro. If high levels of BMP-4 inhibitors induce neural plate markers that inhibit neural crest cell formation, then it is difficult to dissociate a requirement for BMP-4 for neural crest cell induction from a secondary inhibition resulting from the expression of neural plate genes in the absence of BMP-4.
Implications of the existence of neural crest-inducing genes in the dorsal neural tube
In the chick, dorsalin and BMP-4 are expressed in the dorsal neural tube after the first expression of Slug (Basler et al., 1993; Liem et al., 1995) . This may suggest that neural crest cell induction is an ongoing process with an initial induction at the neural plate/epidermal border during late gastrulation, as well as induction at later stages within the dorsal neural tube. The idea of ongoing neural crest cell induction may explain the (initially rather surprising) generation of neural crest cells late in development, days after the emigration of the 'traditional' neural crest cell population is complete (Sharma et al., 1995) .
Overall conclusion and outlook
The initial induction of the neural plate border region, where neural crest cells will subsequently form, may be achieved by intermediate levels of neuralizing (BMP-4-inhibiting) signals from the mesoderm of the organizer, prior to induction of the neural plate itself (Morgan and Sargent, 1997) . There is convincing evidence to suggest that a local interaction between prospective neural and epidermal ectoderm is sufficient to generate neural crest cells, suggesting that there may be a continuing induction of neural crest cells at the neural plate border with both tissues contributing to the neural crest. It is possible, though unproven, that this interaction is mediated by intermediate levels of BMP-4 signaling. FGF appears to be necessary for neural crest cell induction, but not sufficient; it is possible that it is required, as in mesoderm induction, for the response to neural crest cell-inducing signals. Since neural crest cellinducing factors are also found at later stages within the dorsal neural tube itself, neural crest cell induction in vivo may continue for a relatively long time and involve other signals in addition to BMP-4. The challenge for the future remains that of showing that candidate inducing molecules and tissue interactions are both necessary and sufficient for neural crest cell induction in vivo and to characterize the downstream pathways that effect this induction.
